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This study of late Cenozoic crustal extension in the 
southern Snake Range metamorphic core complex, the southern 
Snake and the Hamlin Valleys utilizes industry-acquired 
seismic data, two petroleum exploration boreholes, gravity 
data and surface geology of the adjacent ranges. Isotopic 
age determinations from outcropping igneous rocks were used 
to date the structural and tectonic events.
The dominant structural elements of the southern Snake 
and the Hamlin Valleys are relatively young (<17 Ma), and 
are north-south striking, planar normal faults and 
associated half-grabens. The valleys are separated by an 
east-west striking accommodation zone and evolved 
independently by temporal and spatial interference and 
superposition of half-grabens. Progressive thickening of 
basin-fill sequences towards the bounding normal faults 
within each half-graben suggests semi-continuous slip along 
the bounding faults; interruptions are represented by 
angular unconformities which define three seismic sequences 
above the volcanic unit. K-Ar age determinations of 34 and 
2 6 Ma from volcanic rocks in the Needles Range are 
correlated with the bottom and top of the volcanic unit; 
this volcanism was followed by inception of basin formation 
recorded by the oldest valley-fill sequence. The geometry 
of the oldest valley-fill sequence indicates that it
x
continued to the west but is now eroded as the Snake Range 
core complex was uplifted. The intermediate valley-fill 
sequence records a major stage of tectonism synchronous with 
displacement along the Snake Range Decollement in the 
southern Snake Range between 17-18 Ma. Deposition of the 
youngest valley-fill sequence began at 10 Ma synchronously 
with a 45° change in the regional extension direction.
A late-stage (Late Cenozoic) uplift was recognized in 
the south-east corner of the Snake Range core complex as a 
top lap in the seismic data and as a previously recognized 
unconformity in the outcrop separating angular, older 
Tertiary conglomerates from flat-lying younger conglomerates 
on top. Late-stage, local uplifts, as results of disruption 
of a previously bent elastic plate by normal faults and of 
differential deformation of various components of a 
heterogeneous crust in response to bending stress, superpose 
broad, regional uplifts and explain the total uplift in the 
Snake Range metamorphic core complex.
CHAPTER ONE
INTRODUCTION
Extension is an important geologic process in the 
evolution of the continental crust. At any geologic 
province crustal extension played an important role sometime 
in the past. The continental crust has been evolving 
through superposition of repeated episodes of extension and 
compression and the associated geological processes of 
magmatic and tectonic underplating (Klemperer, 1989; Cook 
and others, 1983). The recognition of extensional features 
in the passive margins beneath the apron of thick 
sedimentary covers indicate that these margins underwent a 
stage of continental crustal stretching before drifting 
finally took place and ocean basins formed (Etheridge and 
others, 1985; Moore and Eittreim, 1987; de Charpal and 
others, 1978). However, crustal extension may cease before 
sea floor spreading can occur and may lead to sedimentary 
basins through associated syn- and post-rift subsidences.
Two conceptual end-member models, a pure and a simple 
shear model, of crustal extension have been proposed (Figure
1
1). In a pure shear model {McKenzie, 1978) the continental 
crust stretches uniformly like a piece of taffy with no 
abrupt vertical variation in magnitude of extension.
Whereas, in a simple shear model (Wernicke, 1981, 1985) 
extension is accommodated along a low-angle normal fault 
which penetrates crust (or lithosphere). The upper plate 
breaks up into fault-bounded blocks while the lower plate 
remains largely undeformed and, with continued extension, 
the lower crust is, in effect, pulled from beneath the upper 
crust. Thermal and mechanical responses of these two models 
with the consideration of varying degrees of geological 
complexities indicate that the difference in the geophysical 
signatures (uplift-subsidence, heat-flow, gravity) is in 
their symmetry (Issler and others, 1989; Mudford, 1988; 
Spencer, 1984; Buck and others, 1988; Coward, 1986;
Voorhoeve and Houseman, 1988). Geologic features, such as 
high- and low-angle normal faults, basinal geometry, and 
core complexes have been interpreted in terms of both of 
these models. A prime example is the recent studies in the 
North Sea Basin in which high quality geological and 
geophysical data exist and the crustal fabric is even 
constrained by deep reflection seismic data (White, 1989; 
Sclater and Christie, 1980). The inherent non-uniqueness of 
geophysical interpretation permits the seismic data (NSDP- 
84-1) to be interpreted in accord with either of the 





Figure 1. Continental crustal extensional 
models. Dark blobs indicate magmatic bodies. (A) 
Classic horst and graben model, (B) Pure shear 
model (McKenzie, 1978; Miller and others, 1983),
(C) Anastomosing shear-zone or crustal lenses model 
(Hamilton, 1982, 1987), (D) Simple shear model
(Wernicke, 1981, 1985). (Redrawn from 
Allmendinger, 1987).
A similar paradox persists with the Snake Range 
metamorphic core complex of east-central Nevada (Hazzard and 
others, 1953; Misch, 1960). Interpretations of the Snake 
Range metamorphic core complex and the Snake Range 
decollement are quite variable; more recent studies explain 
these features in relation to either pure (Gans and Miller,
1983) or simple shear extensional processes (Bartley and 
Wernicke, 1984) . These studies largely depend upon outcrop 
observations, except for interpreted seismic data from 
Spring Valley to the west (Gans and others, 1985) and 
northern Snake Valley (McCarthy, 1986; Smith and Bruhn,
1984) to the east. Because the basin-fill stratigraphy 
adjacent to the range may record a more complete and 
continuous record of deformational events in the area, this 
study was undertaken, utilizing a grid of industry-donated 
reflection seismic data (five dip and two strike lines) and 
logs from two bore holes (a p p e n d i x  1) in the Hamlin and the 
southern Snake Valleys to the south-east of the core 
complex.
The most enigmatic aspects of the continental crustal 
extension are to overcome the rheological difficulties 
associated with developing a low-angle normal (detachment) 
fault, and the formation and uplift of a core complex from 
mid-crustal level to the surface. The data available for 
this study allow an investigation of the geological
development of a highly extended region by analyzing the 
subsurface structures and stratigraphy of sedimentary basins 
and the geometric relationships of the core complex and the 
detachment fault to adjacent relatively unextended region. 
The spatial, along-the-strike, variation of the core complex 
development, from a highly extended to a relatively 
unextended region, appears to be analogous to its temporal 
evolution.
CHAPTER TWO
REGIONAL GEOLOGY AND GEOPHYSICS 
Location
The present study area is located in east-central Nevada 
and westernmost Utah, between 38°20'N - 38°55'N, and 
113°55'W - 114°20'W, in White Pine, Lincoln, Millard and 
Beaver counties. It is rectangular with dimensions of 85 km 
in north-south and 50 km in east-west directions {Figure 2). 
It includes southern Snake Range, Limestone Hills, White 
Rock Mountains, Needle Range (Mountain Home and northern 
Indian Peak Ranges), Burbank Hills, southern Snake and 
Hamlin Valleys (Figure 3). Physiographically, this area is 
a part of the Great Basin (northern Basin and Range 
Province), characterized by internal drainage systems. The 
Basin and Range Province (BRP) (Fenneman, 1928) is 
characterized by north-south trending, long, linear, 
parallel ranges and intervening basins. The ranges are 
typically 25-35 km apart, from crest to crest, with a length 
to width ratio between 4 to 8, and the basins are commonly 
10-20 km wide (Zoback and others, 1981). Hamlin Valley 
floor is at 1830 m (6000 ft) above sea level while Wheeler
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Figure 2. Study area showing location map, data distribution and outcrop geology. Thick 
lines identified w ith numbers are reflection seismic profiles utilized in this study, Square box to the 
south-east o f the southern Snake Range and labeled as AP is the location o f  aerial photograph shown 
in Figure 3. BH = Burbank H,; CM = Commodore Resources Outlaw #1 Federal; COCORP = 
Consortium for Continental Reflection Profiling; CR = Confusion R.; FL = Fletcher U nion Federal 
No. 1; LH = Limestone H.; NR = Needle R.; NSR = northern Snake R.; NSRD = northern Snake 
Range Detachment; SCF = Schell Creek Fault; SP = Sacramento Pass; SSR = southern Snake R.;
SSRD = southern Snake Range Detachment; WHM = White Rock Mountains.
Figure 3. Aerial photograph of parts of the 
southern Snake Range, and the southern Snake and the 
Hamlin Valleys. For location see Figures 2 and 4. The 
north-south and the east-west dimensions of the 
photograph is approximately 31.5 km. The lineaments of 
this photograph are geomorphic in origin, and can not be 
correlated with the structural and tectonic features 
with confidence. The range-bounding faults and the 
accommodation zone were delineated utilizing subsurface 
data. The east-west trending accommodation zone is a 
zone of tear-faulting which separate two structural 
basins, one to the north from one to the south (see 
c h a p t e r  f i v e for additional discussion).




The Basin and Range Province of which the present study 
area is a part possesses unique geophysical characteristics, 
reflecting Cenozoic extensional, thermomagmatic episodes 
(Eaton, 1979; Eaton and others, 1978; Eaton, 1982; Zoback 
and others, 1981). A 20-30 km thin crust yet high regional
elevation (>1.5 km) and a flat Moho have been inferred by
seismic refraction and reflection studies (Prodehl, 1979; 
Klemperer and others, 1986; Smith, 1978). The thin crust is 
a manifestation of ongoing regional crustal extension in the 
late Cenozoic, while high regional elevation represents a 
thermal anomaly in the upper mantle (Stewart, 1978; Brooks
and others, 1989). This upper mantle thermal anomaly was
characterized, in this study, through calculations which 
indicate that the upper 100 km of the mantle beneath 
northern Basin and Range Province is 4 9 kg/m^ less dense and 
206°k hotter than the normal mantle. Regional high heat 
flow, abundance of thermal springs and sporadic Quaternary 
volcanic fields are manifestations of this elevated 
temperatures. Low seismic wave velocities (Pn), in the 
upper mantle characterize the northern BRP. Beneath the 
present study area Pn is approximately 7.6 km/s (Smith,
1978). Gravity modeling of a north-south extending crustal 
section across the transition zone between the northern and 
the southern BRP infer a less dense upper mantle beneath the 
northern BRP {Brooks and others, 1989; Prodehl, 1979).
Seismicity
Seismicity is concentrated in broad belts along the 
eastern and the western margins of the northern Basin and 
Range Province, with a relatively aseismic region in the 
center. There are a few earthquakes in the Sacramento Pass 
area along the northern margin of the study area but there 
is no documentation of epicenters in the southern Snake and 
the Hamlin Valleys (Smith, 1978) . The high-angle normal 
faults of the southern Snake and the Hamlin Valleys are 
historically aseismic. The possible reasons are (i) no 
displacements along the fault planes during the period of 
documentation, (ii) the displacements are occurring through 
a series of micro-earthquakes, or, <iii) lubrication owing 
to fluid flow along the fault planes (association of hot 
springs and range-bounding faults in BRP is notable).
Extension Direction
A present extension direction of WNW-ESE in the northern 
BRP has been determined from geologic data, earthquake focal 
mechanisms and from in situ stress measurements (Zoback and 
Zoback, 1980).
Gravity/ Magnetics and Topography
A low Bouguer gravity field of < -110 mgal {mostly < - 
190 mgal in the present study area), apparently reflects the 
near surface density variations, in which low density 
Tertiary basins correspond with gravity minima and ranges 
with maxima (Saltus, 1988a,b; Snyder and others, 1984; Cook 
and others, 1981). Hamlin Valley is underlain by a semi­
circular, gravity minimum of -228 mgal whereas southern 
Snake Valley is underlain by a north-south elongated minimum 
of -223 mgal (Figure 4). Regional gravity {Figure 5) and 
topographic anomalies define a bilateral symmetry with a N-S 
axis along the central Nevada (Eaton, 1979; Eaton 1982;
Eaton and others, 1978; Kane and Godson, 1985; Kane and 
others, 1982). Boundaries of the northern BRP are 
characterized by gravity gradients. This extensive gravity 
low of the thermally anomalous Great Basin is apparently 
caused by a variety of isostatic compensation mechanisms 
(Committee, 1988) including lithosphere dripping away into 
the lower mantle (as a transform plate boundary followed an 
earlier convergence), lateral density contrasts within the 
crust and subjacent convecting mantle. The correspondence 
of the regional topography and the gravity field indicate 
isostatic compensation for features with characteristic 
dimension larger than 32 km (Eaton and others, 1978) . 
Features smaller than this dimension are probably not 
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Figure 4. Complete Bouguer Gravity map of the study 
area. For lithologic symbols see Figure 2. Square box to 
the south-east of the southern Snake Range and labeled as 
AP is the location of aerial photograph shown in Figure 3.
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Figure 5. Regional gravity low of northern Basin and 
Range Province (Redrawn after Eaton and others, 1978). 
Stippled areas indicate gravity minima of less than -230 
mGal. Contour interval is 20 mGal. The rectangular area 
at the Utah-Nevada border is the study area.
adjustments (see c h a p t e r  s i x ) are responsible for seemingly 
enigmatic uplifts in BRP. The present study area is 
situated in a regional topographic high and in a regional 
gravity gradient between the central Nevada gravity low and 
northwestern Utah gravity high. Magnetic mapping (Mabey and 
others, 1978; Hildenbrand and Kucks, 1988a; Hildenbrand and 
Kucks, 1988b) show a relatively quiet zone in the present 
study area with the presence of short wavelength anomalies 
in the southern part, associated with mid-Cenozoic volcanic 
rocks.
Heat-flow
The high heat-flow in BRP has been interpreted as 
transfer of heat from anomalously shallow aesthenosphere 
(perhaps as shallow as Moho) to lithosphere by convection, 
crustal extension and by magmatism (Lachenbruch and Sass, 
1978). The heat-flow in the present study area is between 
1.5-2.0 hfu (Blackwell, 1978). The Province abounds with 
thermal springs which are usually located near range- 
bounding faults.
Extension of a heterogeneous and anisotropic 
continental crust
The crustal extensional models (McKenzie, 1978;
Wernicke, 1985), which are central to this research, assume 
a homogeneous, isotropic crust and have been successful in 
predicting the generalized, first order responses. The
geologic complexities are unique to each area; some aspects 
are always unknown; and the deformational behaviors of some 
of the crustal components or of a particular crustal fabric 
are yet to be determined. An understanding of the pre- 
extensional crustal fabric could explain the uniqueness of 
geological features in a particular area. The reactivation 
of preexisting faults by a later period of deformation, in 
particular, have drawn considerable attention (Bally and 
others, 1966; Armstrong, 1972; Royse and others, 1975;
Sharp, 1984).
Regional Tectonic History 
Precambrian Rifting
The study area underwent rifting in Late Precambrian,
600 Ma (Armin and Mayer, 1983; Bond and Kominz, 1984) which 
was succeeded by a passive continental margin setting during 
the Paleozoic. However, there is no structural evidence for 
the Late Precambrian rifting event. No fault-bound half- 
graben has been recognized along the surface of the 
crystalline rocks at the base of the passive margin sequence 
in Consortium for Continental Reflection Profiling (COCORP) 
40° N seismic profiles (Allmendinger and others, 1987), as 
opposed to the recognition of similar structures on 
Precambrian Grenville basement surface beneath the thin- 
skinned Appalachian Orogen (Cook and others, 1983) .
However, contrary to the Appalachians, the US Cordillera has
been undergoing a profound late Cenozoic crustal extension 
and associated thermal perturbation. The present edge of 
the Precambrian crystalline basement, approximated by the 
westernmost miogeoclinal strata and by the 0.706 contour of 
initial Strontium isotopic ratios (®^Sr/®^Sr) in plutons, is 
in central Nevada at 117°W about 230 km west of the present 
study area {Farmer and DePaolo, 1983; Speed, 1982) .
Paleozoic Passive Continental Margin
Passive margin sedimentation was interrupted by the 
Antler Orogeny in Late Devonian to Early Mississippian when 
basinal rocks were thrusted eastward over paleo-shelf along 
the Roberts Mountain thrust (Roberts and others, 1958;
Speed, 1982), to the west of the present study area. This 
thrusting event was followed by a north-south elongate 
foreland basin development with a total subsidence of 3.5 km 
or less which existed through Late Mississippian and 
included the present study area (Poole, 1974). During the 
Permian-Triassic Sonoman Orogeny, oceanic rocks were once 
again thrusted eastward over the Cordilleran continental 
margin along the Golconda thrust, west of this study area 
(Silberling and Roberts, 1962; Speed, 1979).
Mesozoic Orogeny
The Late Cretaceous Sevier Orogeny (Armstrong, 1968) 
affected western Utah and south-eastern Nevada with a 
shortening of 105 - 150 km along the Sevier thrust belt.
The present study area is located in the "hinterland" of 
this belt. Localized crustal thickening (welt) and the 
thin-skinned deformational fabric developed as a consequence 
of the Sevier Orogeny have been inferred to have a profound 
influence on the geologic evolution due to the Late Cenozoic 
crustal extension in this region (Coney and Harms, 1984) .
Cenozoic Crustal Extension
Regional crustal extension has been operative in the 
Basin and Province since about mid-Cenozoic (Zoback and 
others, 1981; their Table 1; however, because of the 
variability in the ages of recognized earliest extensions no 
particular age was assigned), which superposed extensional 
characters on previous deformational features. An earlier 
episode of extension characterized by present-day low-angle 
normal faulting and of low topographic relief was followed 
by the high-angle, normal faulting and the development of 
the present-day basin-range structure (Zoback and others, 
1981). Metamorphic core complexes (Crittenden and others, 




The study area (Figure 2) is underlain by an upper 
Precambrian to middle Cambrian basal clastic sequence of
sandstone and shale, followed by a middle Cambrian to 
Ordovician limestone sequence (Armstrong, 1967; Tschanz and 
Pampeyan, 1970; Hose and Blake, 1976). Upper Ordovician to 
middle Devonian units include a distinctive quartzite 
formation (Eureka) overlain by a dolomite sequence. Upper 
Devonian to Pennsylvanian rocks include limestones and 
shales overlain by an early Permian sandstone unit (Figures 
2 and 6) .
In the southern Snake Range, the Upper Precambrian to 
Lower Cambrian clastic rocks occur in the ductily stretched 
lower plate of the southern Snake Range Decollement (SSRD) 
(Misch, 1960) and are exposed at the center of the range, 
while Middle Cambrian to Mississippian age rocks are exposed 
in the normal faulted upper plate of the decollement. The 
Limestone Hills (Tschanz and Pampeyan, 1970) expose 
Ordovician, Silurian, and Devonian age rocks. At the center 
of the hill a north-south trending horst of Silurian and 
Devonian age dolomites are faulted against Devonian rocks on 
all sides. The Burbank Hills (Hintze, 1960; Rush, 1951), 
characterized by tightly folded anticlines and synclines, 
and the Needle Range are the southern portion of the 
Confusion Range synclinorium (Gould, 1959; Hose, 1977) 
involving Paleozoic formations. Cambrian, Ordovician and 
Silurian age rocks are exposed to the south, west of the 
Indian Peak Range (Best and others, 1987). The Mountain 
Home Range and the Burbank Hills expose Devonian through
Depth(km) Lithology Rock Units Depth(km) Lithology Rock Units
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Figure 6. Stratigraphic section for the study area, 
based on well log formation tops from this study (Unocal, 
personal communication, 1989), thickness' observed at the 
outcrops by Gans and Miller (1983), Drewes (1958), and Hose 
and Blake (1976).
Permian formations, with Permian at the axis of the 
synclinorium. The folds and the faults in the synclinorium 
were inferred to be related with the gravity glide along the 
detachment faults, developed within the incompetent 
horizons, towards the axis of the synclinorium (Hose, 1977).
Mesozoic
There are no outcrops of Mesozoic rocks nor have any 
been encountered in the few boreholes within and near the 
study area. Lower Triassic rocks are exposed along the axes 
of the Butte (Stewart and Carlson, 1978) and the Confusion 
Range (Hose, 1977) structural troughs. Hose (1977) infers 
that Middle and Upper Triassic and Jurassic rocks were 
deposited in the Confusion Range Structural Trough (CRST) 
but were later removed by post-Sevier orogeny erosion. 
Triassic and Jurassic age rocks are exposed in the southern 
Wah Wah Range where these are overthrust by the Cambrian age 
rocks (Miller, 1966). The pre-extensional (Early Oligocene) 
paleogeographic reconstruction based on the nature of the 
contact (disconformable) between the oldest rocks related to 
the crustal extension (usually volcanic) with older rocks 
(usually Paleozoic), implies the absence of Mesozoic rocks 
in the study area. Erosion had apparently removed all the 
Mesozoic formations, if there were any, by the time 
extension commenced. However, several Mesozoic age granitic 
plutons are exposed in the southern Snake Range (Table 1).
TABLE 1
PLUTONS IN THE SOUTHERN SNAKE RANGE
Name of Pluton Aqe (Ma) Source
Snake Creek- 
Williams Canyon
160 (Jurassic) Lee and Christiansen, 
1983; Lee and Van 






160 (Jurassic) Lee and others, 1968
Willard Creek 133-160 (Jurassic) Lee and others, 1970
Pole Canyon-Can 
Young Canyon
7 9.7 (Cretaceous) Lee and others, 1970; 
Miller and Bradfish, 
1980.
Lexinqton Creek 86.3 (Cretaceous) Lee and others, 1970
Young Canyon- 
Kious Basin




There are no outcrops of Early Tertiary rocks in the 
study area, correlative to the lacustrine Sheep Pass 
Formation (Tschanz and Pampeyan, 1970; Hose and Blake, 1976; 
Winfrey, 1958, 1960) of Eocene age, described from the 
outcrop in the Egan Range and from the subsurface of the 
Railroad Valley, where it is the petroleum producing 
formation. Stewart and Carlson (1976) mapped a 
conglomerate, sandstone and tuff unit (Tsl) in the southwest 
corner of the southern Snake Range along the Murphy Wash and
grouped this with the Sheep Pass. The same outcrop was 
mapped as "Tco" by Whitebread (1969). The Sheep Pass 
Formation was described as devoid of any volcanic unit or 
clasts whereas the unit in the southern Snake Range contains 
tuff beds as much as 3 m (10 feet) thick. This unit is 
younger than the Sheep pass, indicated by the presence of 
tuff beds, probably is synvolcanic with the age between 34 
and 2 6 Ma. The presence of the Early Tertiary unit in the 
subsurface of the southern Snake and the Hamlin Valleys is 
uncertain as the only bore hole at the center of the Hamlin 
Valley did not penetrate through the base of the mid- 
Tertiary volcanic rocks. The base of the volcanic rocks is 
usually difficult to resolve utilizing seismic data in the 
Basin and Range Province. Additionally, the Early Tertiary 
lacustrine limestone unit has similar acoustic properties as 
those of the Paleozoic limestones.
Mid-Cenozoic Volcanic Rocks
Mid-Cenozoic volcanic rocks are exposed in the southern 
part of the study area (Best and others, 1989) which 
completely cover older rocks in the White Rock Mountains, 
the northern Indian Peak and the southern Mountain Home 
Ranges. Volcanism commenced about 34 Ma and continued till 
26 Ma in the study area (Best, 1986; Best and others, 1987), 
with rhyolitic ash-flows and andesitic lavas. The source 
volcanoes, the Needle Range magma system (White Rock, Indian 
Peak and Pine Valley Calderas) were located along the
southern margin of the present study area. The volcanic 
rocks, the Needles Range Group (Campbell, 1978; Conrad, 
1969), consist of several different units, genetically 
related to the temporal and spatial variation of magmatism, 
have a total thickness of approximately 625 m (2 050 ft) .
The bore hole at the center of the Hamlin Valley bottomed 
within this unit after penetrating 319 m (1045 ft). Best 
(1986) showed, based on outcrop studies, that the Needles 
Range Group did not extend to the southern Snake Valley.
The volcanic outcrop along Murphy's Wash in the south-west 
corner of the southern Snake Range, whose structural 
significance was emphasized by Armstrong (1972), is close to 
the northern extent of volcanic rocks. Late Cenozoic 
basaltic volcanic rocks (Stewart and Carlson, 1976) are 
absent in the study area.
Late Cenozoic Basin-fill Sediments
Late Cenozoic sedimentary rocks of mainly alluvial fan 
and lacustrine origin occur as the basin-filling sediments 
of extensional basins beneath Quaternary alluvium. Some 
older units are exposed along the basin margins. Detailed 
analyses of Cenozoic, extensional basin-filling sediments 
are included in chapter five.
CHAPTER THREE 
DATA
A grid of reflection seismic profiles with a total 
line-length of 180 km and geophysical logs from two 
petroleum exploration boreholes, provided by the Union Oil 
Company of California (UNOCAL) were the principal data for 
this study (Figure 2). Digital gravity data were provided 
by United States Geological Survey (USGS) and Defense 
Mapping Agency (DMA). In addition gravity data were 
digitized from Complete Bouguer Gravity maps of Richfield 1° 
X 2°, Utah (Cook and others, 1981) , and Lund 1° X 2°, Nevada 
(Snyder and others, 1984), Quadrangles, allowing integration 
of geological intuition with the digital gravity data. The 
regional gravity (Saltus, 1988) and magnetics (Hildenbrand 
and Kucks, 1988) maps were utilized for regional geophysical 
perspectives. Black and white aerial photographs available 
from EROS Data Center (Sioux Falls, South Dakota) were 
utilized to identify probable lineaments with structural and 
tectonic significance. Additional attributes of the data 
are described in Appendix 1.
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Total line-length of reflection seismic data utilized 
in this study exceeds the total line-length of previously 
published combined shallow industry and deep crustal seismic 
data, located near the northern Snake Range (northern part 
of the core complex); none were previously available in the 
vicinity of the southern Snake Range. The data set 
available for this study is located to the south and south­
east of the southern Snake Range, and allow for the first 
time a detailed three dimensional structural and 
stratigraphic study of an extensional basin on the fringe of 
a metamorphic core complex, as opposed to single geologic 
transect studies, thereby providing critical insights into 
the evolution of the core complex and continental crustal 
extensional processes in general.
Seismic Data
Five east-west trending seismic lines, approximately 
normal to the strike of the major Basin and Range structures 
were tied together by two north-south trending 
interconnecting strike lines (Figure 2). The data were 
acquired in 1981 using dynamite as the energy source. A 96- 
channel recording system was used with 33.5 m (110 ft) 
station spacing. Near and far offsets were 419 m (1375 ft) 
and 1995 m (6545 ft). Seismic data processing included 
editing, frequency filtering, muting, deconvolution, 
velocity analysis, normal moveout (NMO) corrections,
automatic statics, common-midpoint (CMP) stacking (maximum 
24-fold) and wave equation migration. Seismic data were 
processed by CGG - data processing services for American 
Quasar Petroleum Company. Display sections extend to 5.3 
seconds, corresponding to a maximum image depth of ~16 km. 
The geometry of the Cenozoic extensional basins and 
configurations of the basin-fill sediments are well-defined 
in the seismic sections; however, reflections from within 
the Paleozoic basement rocks are few.
Well data
With the exception of Railroad Valley, the Basin and 
Range Province is still a petroleum exploration frontier; 
bore holes are sparse. The two petroleum exploration bore 
holes in the Hamlin valley (Figures 2 and 7) penetrated 
different stratigraphic intervals (personal communication, 
Mr. Jean Paul Chauvel, Senior Geologist, UNOCAL, 1989). The 
Commodore Resources Outlaw # 1 Federal (Figure 8) 
encountered only the Paleozoic miogeoclinal sequence whereas 
Fletcher Federal no. 1 (Figure 9) penetrated only the 
Cenozoic valley fill sequence. Stratigraphic description 
and formation tops were abstracted from Geological Well 
Reports and electric logs provided by UNOCAL.
The Commodore Resources Outlaw # 1 Federal
The Commodore Resources Outlaw # 1 Federal (Figure 8) 
is located on the eastern fringe of the southern Snake
sw
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Figure 7. A northeast-southwest stratigraphic cross-section utilizing bore holes. Fletcher Exploration #1 penetrated only Cenozoic 
age basin-fill sequences, whereas Commodore Resources Outlaw #1 penetrated only Paleozoic age basement formations. Numbers 
within parentheses are elevations with respect to sea-level. See Figure 2 for bore hole locations.
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Arcturus formation, mainly 
fine-grained, well-sorted sandstone 
with minor limestone or dolomite. 
Limestone is the chief carbonate of 
upper (213 m) 700 ft. Dolomite is 
dominant below this interval
Ely Formation: Predominantly 
limestone, interbedded chert, replaced 
skeletal fragments
Calcareous shale
Limestone, chalky, micritic to coarse 
microcrystalline
Calcareous shale
Argillaceous and silty limestone
Guilmette Formation: upper 107 m 
(350 feet) dolomite
Lower 427 m (1400 feet) limestone
Figure 8. Stratigraphy penetrated in the Commodore 
Resources Outlaw # 1 Federal (Unocal, personal 
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Pogonip Formation 
at 3962 m (13000 ft)
Guilmette Formation (continued). 
Gray microcrystalline, dense 
limestone, argillaceous in pan.
Simonson Dolomite: upper half 
dense, microcrystalline; lower half 
homogeneous, coarsely 
microcrystalline, non-argillaceous
Sevy Dolomite: meduim gray to 
brown, very dense, microcrystalline 
dolomite; upper 21 m thin beds 
containing scattered quartz; lower 
pan of the formation shows 
coarsening of grain size.
Lake Town and Fish Haven 
Dolomite: broadly banded massive 
dolomite, very dense, 
microcrystalline.
Eureka Formation: predominantly 
orthoquartzite, clear to white, hard, 
fine to medium grained.
Pogonip Formation: Light gray, chalky 
limestone is interbedded with medium 
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TD: 2280 m (7480 ft)
No sample.
Conglomerates, volcanic fragments, 
highly weathered, minor sandstone.
Sandstone, poorly sorted
Conglomerates, poorly sorted, 
moderately hard, weathered 
Sandstone, medium to fine grained 
Conglomerate, weathered
Sandstone, fine to medium grained, 
occasional thin claystone
Anhydrite, white, soft, translucent, 
interbedded with minor claystone and 
limestone
Limestone, greyish, chalky, 
interbedded with minor amounts of 
anhydrite and claystone
Conglomerates, poorly sorted, 
subangular, volcanic and Paleozoic 
dolomite fragments 
Claystone, light grey, calcareous 
Limestone
Claystone, light to medium grey, soft, 
calcareous, occasionally sandy; 
interbedded with limestone, 
yellowish, chalky; occasionally 
Paleozoic dolomite and volcanic 
fragments
Volcanics, moderately hard, 
moderately welded, non-weathered
Figure 9 . Stratigraphy penetrated in the Fletcher Union Federal No. 1 (Unocal, personal 
communication, 1989). For location see Figure 2. The section is not differentiated into 
formations; however, three basin-fill sequences were identified above the volcanic unit (sec Figure 
7 and CHAPTER FIVE).
Valley {Figure 2) and penetrated only 3.5 m (11 ft) of 
Cenozoic valley-fill sediments before encountering a normal 
Paleozoic miogeoclinal carbonate sequence from Arcturus 
(Permian) at the top to Pogonip (Ordovician) at the bottom. 
Mesozoic formations or mid-Cenozoic volcanic (TOV) units 
were absent; these units, if ever deposited, were probably 
eroded away before the accumulation of the valley-fill 
sediments. The sample descriptions and the penetrated 
thickness indicate that the Permian age Arcturus encountered 
in this well was the lower part of the original formation. 
The upper part was apparently eroded away before the 
accumulation of the Cenozoic valley-fill sediments. 
Assumption of a normal regional stratigraphic sequence 
(Armstrong, 1968; Hose and Blake, 197 6) indicates an 
additional 7.8 km (25,600 ft) between the bottom of the well 
at 4.0 km (13,000 ft) and the base of the Cordilleran 
miogeoclinal sequence (upper Precambrian). The middle 
Cambrian Pioche shale which localizes the southern Snake 
Range Decollement in the southern Snake Range, 14.5 km to 
the northwest, projects 3.1 km (10,135 ft) below the bottom 
of the well. An inferred thrust plate (Allmendinger and 
others, 1983; Bartley and Wernicke, 1984; Frank Royse, 
personal communication, 1989) is displaced to the east by 
the Southern Snake Range Detachment and is absent at the 
Commodore Resources bore hole location. The primary 
objective of the well was to test the petroleum exploration 
potential of the folded Paleozoic rocks.
TABLE 2
COMPARISON OF SUBSURFACE AND OUTCROP STRATIGRAPHIC 

























Arcturus 3 >37 9 >629 >600
Elv 382 359 808 640
Chainman 741 11881 552 300
Joana 94-309? 90
Pilot 64-140 180
Guilmette 1929 525 914 244 510
Simonson 2454 164 201 3812 400
Sevv 2618 421 518 160




Eureka 3548 133 183 110 75





1Chainman Shale, Joanna Limestone and Pilot Shale undifferentiated.
2Simonson and Sevy Formations undifferentiated.
3Laketown and Fish Haven Formations undifferentiated.
4Laketown and Fish Haven Formations undifferentiated.
Fletcher Union Federal # 1
Fletcher Federal # 1 (Figure 9), located 27.7 km (17.2 
miles) southwest of the Commodore Resources Outlaw # 1 
Federal, is at the topographic and structural center of the 
present-day Hamlin valley and of a local gravity minimum.
The objective of the well was to test the Petroleum 
exploration potential of a prominent roll-over anticline 
within the Cenozoic basin-fill sediments on the down-thrown 
side of a west-dipping listric normal fault, as illustrated 
in seismic section 08 (Figure 10). This well penetrated 2.0 
km (6423 ft) of basin-fill sediments and bottomed in the 
mid-Cenozoic volcanics (TOV) after penetrating the upper 0.3 
km (1045 ft) of the volcanics. The stratigraphy penetrated 
in this well can be divided into three sequences. The first 
683 m (2240 ft), from surface to the top of a massive 
anhydrite unit, consists of poorly sorted, angular 
conglomerates and sandstones. Highly weathered fragments of 
volcanics and claystones, derived from alteration of 
volcanic fragments, are common within the conglomerate 
units. Sandstones are medium- to fine-grained. This 
interval represents a vertical stack of alluvial fan 
sequences extending from the surrounding ranges to the well 
location, and correspond with two seismic sequences, TVF2 
and TVF3 (see chapter five) . The seismic sequence boundary at 
427 m (1400 ft), separating TVF3 from TVF2, does not 
correspond to any abrupt lithologic change in the well.
The intermediate sequence extends from 683 m (2240 ft) 
to 1972 m (6470 ft), from the top of the anhydrite unit to 
the top of the volcanics. The upper part of this sequence 
is white, soft, translucent anhydrite interbedded with minor 
claystone and limestone. The intermediate part of this 
sequence is grayish, chalky limestone interbedded with 
anhydrite and claystone. The lower part is light- to 
medium-grey, soft, calcareous claystone with occasional 
Paleozoic dolomite and volcanic fragments. There is a 15 m 
(50 ft) thick volcanic unit extending from 1789 m (5870 ft) 
to 1804 m (5920 ft). The lithology and the regional 
geologic considerations indicate a lacustrine environment of 
deposition for this sequence.
The lowermost sequence extending from 1972 m (6470 ft) 
to the total depth of penetration at 2280 m (7480 ft) is 
moderately hard, moderately welded volcanics with quartz and 
biotite as phenocrysts, and occasional claystones (altered 
volcanics). Assumption of a similar thickness of TOV as 
exposed in the Needle Range (8 km [5 miles] to the east) 
indicates an additional 30 6 m (1005 ft) of volcanic rocks 
beneath the bottom of the well.
In the absence of isotopic age-dates from the 
volcanics it is difficult to assign an age for stratigraphy 
penetrated in this well. However, as will be discussed in 
Chapter four, this volcanic unit is correlative with outcrop
exposures in the Needle Range where the age ranges from 34 
Ma to 26 Ma. Additional considerations of regional 
tectonics indicate that the sedimentary sequence is late 
Cenozoic, from 26 Ma to Recent. The presence of Mesozoic 
units or of a lower Tertiary unit (Sheep Pass Formation of 
the Railroad Valley or equivalent formations) is uncertain
CHAPTER FOUR
METHODOLOGY
Reflection seismology, originally developed by the 
petroleum industry, has been playing an increasingly 
important role in the delineation of subsurface structure 
and stratigraphy in sedimentary basins (Bally, 1983, 1988; 
Grier and Dyer, 1985; Skilbeck and Lennox, 1984). Crustal- 
scale reflection seismic profiling (Nelson, 1988) along with 
improved processing capabilities (Claerbout, 1985; Yilmaz, 
1987) and better instrumentation have revolutionized the 
ideas pertaining to the architecture, evolution, and 
associated geological processes of continental crust 
evolution (Klemperer, 1989), the Mohorovicic discontinuity 
(Jarchow and Thompson, 198 9) and the upper mantle 
(seismically transparent, as indicated by all crustal-scale 
profiling). In this study, the integrated geological and 
geophysical interpretation of petroleum industry-acquired 
reflection seismic data provided structural and 
stratigraphic frameworks of the study area, while crustal- 
scale reflection (Allmendinger and others, 1987) and 
refraction (Prodehl, 1979) seismic studies provided the
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regional geological and geophysical frameworks of the study 
area.
Integrated interpretation of seismic lines
Structural and stratigraphic frameworks of Hamlin and 
southern Snake Valleys were delineated utilizing integrated 
geological and geophysical interpretation of petroleum 
industry-acquired reflection seismic and bore hole data. 
Surface geology of the surrounding ranges were projected 
into the basins following structural and stratigraphic 
trends. Stratigraphic thicknesses of undeformed Paleozoic 
formations were assumed to be the same in the entire study 
area, because of small areal extent (even smaller if pre- 
extensional area is considered) and the consideration of 
sedimentation in a broad, regional continental margin 
setting. Mid-Cenozoic volcanic rocks (ignimbrites) were 
formed by widespread deposition and consolidation of ash 
flows and maintained a constant thickness in a small area. 
Locally, they tend to follow and fill depressions (Cook,
1965). Thicknesses of volcanic rocks were projected to the 
valley. Projections of isotopically dated volcanic rocks 
into the basin were advantageous to date structural and 
tectonic events. Late Cenozoic basin-fill sediments 
consisting of alluvial, fluvial and lacustrine elastics were 
analyzed utilizing the following methods: (1) sequence 
stratigraphic interpretation of seismic data based on the 
physical relationships of reflectors (Vail and others, 1977;
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Berg and Woolverton, 1985); (2) lithologies and facies
characterization of the seismic sequences correlated with 
Fletcher Federal no. 1 at the center of the basin; and, (3) 
comparison of inferred subsurface structures and 
stratigraphies with Tertiary sections exposed in the 
Sacramento Pass (Grier, 1984; Hose and Whitebread, 1981; 
Hazzard and Misch, 1972) and along the eastern flank of the 
southern Snake Range (Drewes, 1958; Whitebread, 1969), and 
with volcanic rocks in the Needles Range (Best and others, 
1987) .
Seismic reflectors, sequence boundaries and structures 
were manually digitized and were converted to geologic 
sections utilizing interval velocities (Table 3) derived 
from sonic logs from Fletcher Federal # 1 and Commodore 
Resources Outlaw # 1 Federal, and normal-move out 
velocities, using Dix's equation (Dix, 1955):
Vn2 = (VL2£ti - Vu2 jt±)/tn 
1 1
Where tn = travel time to the nth layer, ti = interval 
travel time, Vn = interval velocity, Vl = rms (root mean 
square) velocity to the nth reflection and Vg = rms velocity 
to the reflection above it.
Constant interval velocity was used for the same 
Paleozoic age formations, regardless of their present depths 
because these units already reached their maximum depth of
burial before Mesozoic compressional and Cenozoic 
extensional events took place.
TABLE 3
GROSS LITHOLOGIES, INTERVAL VELOCITIES AND DENSITY VALUES 
OF THE BASIN-FILL SEQUENCES.































Integration of Gravity Data in 
geologic interpretation
Basin geometry and attitude of major high-angle normal 
faults are well constrained by two dimensional gravity 
modeling because of the large density contrast inferred 
between Paleozoic age carbonate rocks (2.70 gm/cc) and 
basin-fill sediments (2.3 to 2.49 gm/cc). Complete Bouguer
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anomaly maps, gravity values ranging from -185 mgal to -228 
mgal, splendidly delineate conspicuous northerly trending 
Cenozoic extensional basins (lows) and ranges (highs). A 
spatial filtering technique was used to separate the 
anomalies into regional and residual (Harrison and others,
1966). Complete Bouguer anomalies at the grid points were 
replaced by weighted averaged values at all grid points 
within a radius of 2a, where a is an adjustable parameter.
The average
gav = £ Wi gi / £ Wi
where gi is the Bouguer anomaly at the ith grid point, a 
distance r from the grid point at which gav is computed.
The weighting factor, Wi = expt-r^/o^). Values of a between
60 to 80 km produced satisfactory results. Addition of a 
westward dipping surface with a slope of 0.72 mgal/km to the
averaged gravity value provided improved fit between the
observed and calculated data. This westward dipping 
regional surface connects the paired gravity minima in 
central Nevada with the gravity maximum in northwestern Utah 
(Eaton, 1978). The density values in Table 3 provide the 
best fit between calculated and observed values and are
within the range of the density values specified in Miller
and others (1983). The initial density values were 
abstracted from Miller and others (1983), which were based 
on subsurface measurements of samples in the Spring Valley.
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Figures 10 through 14 present unmigrated and migrated 
stacked seismic sections, their integrated geological and 
geophysical interpretations, and the depth converted 
sections utilized in this study. In unmigrated sections 
reflections are plotted directly beneath the observational 
points whereas in migrated sections reflections are plotted 
at the locations of the reflectors. A depth-section is a 
geologic section derived from migrated time-section 
utilizing seismic velocities. Figure 2 shows locations of 
the seismic profiles. Synthetic gravity profiles for depth- 
sect ions were calculated using upward continuation method. 
Occasional poor fits of observed and calculated gravity 
profiles are explained by (1) horizontal lithologic 
variations from poorly-sorted conglomerates in the basin 
margin to evaporites in the basin center, (2) reflection 
seismic data provide a greater resolution subsurface 
geologic model than gravity data, hence in case of a misfit 
the seismic interpretation is preferred.
Geometric Restorations
Geologic sections derived from depth-conversions of 
interpreted seismic sections were checked for balance by 
palinspastic restoration techniques (Dahlstrom, 1969). A 
balanced cross section is more likely to be correct while an 
unbalanced section is not. The integrity of seismic 
interpretation can be tested by attempting to balance the
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depth section. Imbalances are adjusted by improving the 
interpretation in the time section where necessary. The 
technique of cross section balancing was initially developed 
for compressional folding and faults (Dahlstrom, 1969;
Woodward and others, 1985). Gibbs (1983) introduced cross 
section balancing to extensional regime with examples from 
the North Sea. The problems unique to extensional setting 
are (i) compaction of porous rocks, (ii) planar and normal 
fault rotations, (iii) syntectonic erosion of the uplifted 
blocks, (iv) syntectonic sedimentation in the basins. In 
this study problems described in (ii), (iii) and (iv) were 
solved graphically.
Compaction
All sedimentary sequences except salt and anhydrite 
compact and dewater on burial. Lack of compaction may be 
indicated when shales exhibit interval transit time greater 
than 100 Jlsec/feet (Schlumberger, 1972), or velocity less
than 3 km/sec (10,000 ft/sec).
Interval travel time plot of the sonic log from Fletcher 
Federal no. 1 indicate that the intermediate (TVF2) and the 
youngest (TVF3) basin-fill sequences were undercompacted 
because of poorly sorted conglomeratic lithology, rapid 
burial and young age (less than 17.5 Ma). Anhydritic upper 
part of the oldest basin-fill sequence (TVF1) (552 m at the 
center of the basin) did not compact significantly with
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burial. Tuffs (TOV) were compacted and were welded soon 
after deposition and before any significant burial. The 
only stratigraphic interval that underwent sufficient 
compaction was the lower part of TVFl consisting of two 
units of claystone and limestones separated by a 
conglomeratic unit. For decompaction, at every time step 
the topmost unit is stripped off while this interval was 
stretched using the method described by Sclater and Christie 
(1980) (Figure 15). Porosity-depth relationship was 
enunciated by O  = C>o e~cz, where <t> is the present porosity,
Oo is the original porosity, c is a constant, and z is the 
depth of burial (Table 4). Comparison of porosity-depth 
relationships of poorly-sorted basin-fill sequences of 
actively extending sedimentary basins in the Basin and Range 
Province with similar relationships observed mainly in 
passive continental margins or tectonically relatively 
active sedimentary basins are difficult. However, the value 
of c for the unit consisting of claystone and limestone is 
similar to the value for shale reported from the North Sea 
(5.10X10~^m” ;̂ Sclater and Christie, 1980; their Table Ala). 
Sclater and Christie (1980) did not describe a porosity- 
depth relationship for conglomerate. The value of c for 
conglomerates in this study (3.55XlO-^m- -̂) is close to the 
value of c for shaley sand in the North Sea (3.90X10-4m-1) 
indicating a similar porosity-depth relationship.
Decompaction was performed using a digital computer while
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restoration was done graphically. Lower part of the TVF1 in 
Fletcher Federal no. 1 stretched for a total of 32%.
TABLE 4
PARAMETERS OF THE EXPONENTIAL RELATION BETWEEN POROSITY 
AND DEPTH FOR LITHOLOGIC UNITS CONSISTING OF THE LOWER 
PART OF THE OLDEST BASIN-FILL SEQUENCE.
z in meters 
to the middle 
of the unit
0> <I>0 c, X 10-4 m-1
Upper claystone and 
limestone
1341 0.31 0.65 5 .52
Conglomerate 1631 0.23 0.41 3.55
Lower claystone and 
limestone
1875 0.27 0.65 5.52
A plane strain or conservation of cross-sectional area
r
is normally assumed in geometric restoration, which requires 
geologic cross sections to be parallel to the transport 
direction. Published reports indicated 45° changes in 
transport directions in the Province since extension began 
(Zoback and others, 1981). Sections along seismic lines 06, 
08, 09 and 20 are approximately parallel to the inferred 
transport directions and were used for restoration. In a 
depth converted seismic section normal faults were projected 
where imaging was poor or absent, the sequence of structural 
events were determined and the section was restored 
sequentially maintaining constant line-length in time-steps 
corresponding to the seismic sequence boundaries.
For
Figure 10a. Seismic line 08: uninterpreted, and unmigrated stack section, 
location see Figure 2.
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Figure 10b. Seismic line 08: uninterpreted migrated stack section with 
observed gravity profile, calculated from USGS published maps.
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Figure 10c. Seismic line 08: interpreted migrated stack section with gravity profiles. For location see Figure 2. The calculated gravity profile 
is based on Utc structure and stratigraphy interpreted from seismic data. Qal = Quaternary Alluvium; TVFI, TVF2 and TVF3 are the oldest, the 
intermediate and the youngest valley fill sequences. TOV = Mid-Tertiary volcanic unit
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Figure lOd. Seismic line 08: depth section with gravity profiles. For location see Figure 2. Also 
(N o Vc-rvtcal E x a g g e ra t io n )  included are interval velocities utilized for depth conversion and density values for the gravity modeling.





\ \ TVF1 /
*— ~ y Paleozoic carbonate rocks
Paleozoic carbonate rocks
5  Km
Figure lOe. Geometric restoration of the geologic section along seismic 
profile 8. For location see Figure 2. Sequences were decompacted at every stage 
of restoration. Future fault locations are dashed. See text for further 
discussion. (a) At the end of intermediate valley fill sequence (10 Ma); (b) at 
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Figure lib. Seismic line 20: interpreted migrated stack section with gravity 
profiles. The calculated gravity profile is based on the structure and 
stratigraphy interpreted from seismic data and the observed gravity profile was 
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Figure 11c. Seismic line 20: depth section with gravity 
profiles. See Table 3 for seismic velocities and density values. TVF2 
and TVF3 arc the intermediate and the youngest valley fill sequences. 

























Figure 12a. Seismic line 06: u 






Figure 12b. Seismic line 06: interpreted migrated stack section with gravity 
profiles. The calculated gravity profile is based on the structure and 
stratigraphy interpreted from seismic data and the observed gravity profile was 























Figure 12c. Seismic line 06: depth section with gravity profiles. See Table 
3 for seismic velocities and density values. TVF1 and TVF3 are the oldest and the 
























Figure 13a. Seismic line 07: uninterpreted, migrated and unmigrated stack, 








Figure 13b. Seismic line 07: interpreted migrated stack section with gravity 
profiles. The calculated gravity profile is based on the structure and 
stratigraphy interpreted from seismic data and the observed gravity profile was 

























Figure 13c. Seismic line 07: depth sec lion with gravity profiles. For location sec Figure 2. TV FI, TVF2 and TVF3 arc the oldest, the 
























Figure 14a. Seismic line 09: uninterpreted, migrated and unmigrated stack 








Figure 14b. Seismic line 09: interpreted migrated stack section with gravity profiles. The calculated gravity 
profile is based on the structure and stratigraphy interpreted from seismic data and the observed gravity profile was 


















Figure 14c. Seismic line 09: depth section with gravity profiles. For location sec Figure 2. TVF2 and TVF3 arc the intermediate and 



















Figure 15. A schematic diagram 
outlining the decompaction as a layer of 
sediment is removed in the Fletcher Union 
Federal # 1 following the method 
described by Sclater and Christie (1980). 
Parameters for porosity-depth 
relationship are described in TABLE 4.
CHAPTER FIVE
HAMLIN AND SOUTHERN SNAKE VALLEYS 
Introduction
Hamlin and southern Snake Valleys are located to the 
south and to the east of the boundaries of the Snake Range 
Metamorphic Core Complex (Figure 2). To the south and to 
the east, the intensity of Cenozoic extensional deformation 
decreases from the Core Complex towards Hamlin Valley and 
the Confusion Range Synclinorium. Southern Snake Valley is 
situated between the relatively undeformed, Mesozoic-age 
Confusion Range Synclinorium and the highly deformed Core 
Complex. Upper Paleozoic formations cropping out at the 
Burbank Hills and the Mountain Home Range are 
stratigraphically approximately about 7 km above the 






Hamlin and southern Snake basins are underlain (Hose and 
Blake, 1976) by an upper Precambrian to middle Cambrian 
basal clastic sequence of sandstone and shale, followed by a 
middle Cambrian to Ordovician limestone sequence. Upper 
Ordovician to middle Devonian units include a distinctive 
quartzite formation overlain by a dolomite sequence. Upper 
Devonian to Pennsylvanian rocks include limestones and 
shales overlain by an early Permian sandstone unit (Figure 
6). From north to south along the bounding ranges, 
successively older Paleozoic formations crop out; a similar 
pattern of subcropping Paleozoic formations beneath the 
Tertiary unconformity was recognized in the southern Snake 
Valley. Extrapolation of outcropping formations in Mountain 
Home Range and the formations encountered in the Commodore 
Resources Outlaw # 1 Federal indicated that the subcropping 
formation beneath the Tertiary unconformity in the southern 
Snake Valley is Permian Arcturus. Paleozoic formations 
subcropping beneath the Tertiary unconformity of the Hamlin 
Valley can be inferred from the Needles Range as of 
Ordovician and Silurian age.
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Cenozoic
Mesozoic and early Cenozoic sedimentary rocks are yet to 
be documented in this area. Lower Triassic is exposed in 
the core of the Confusion Range Synclinorium to the 
northeast.
The oldest Cenozoic unit in the basin (Figures 6, 16) is 
composed of Oligocene-age volcanic tuffs (TOV). Younger 
normal faults dismembered this unit and brought Paleozoic 
age basement rocks in contact with younger basin-fill 
sediments along the fault planes. Correlation of this unit 
with those exposed in the Needles Range and White Rock 
Mountain indicate 34 Ma and 2 6 Ma for the top and bottom of 
TOV in the basin. Unit TOV is confined to the southern part 
of the basin and gradually thickens to the south towards the 
eruptive centers in the Needles Range and White Rock 
Mountain. Erosion probably explains the absence of the TOV 
in the relatively young northern part of the basin (southern 
Snake valley). Erosional remnants of this unit (Tnr of 
Whitebread, 1969; age of 29.7 Ma [Armstrong, 1970]) occur 
along Murphy Wash on the south-western part of the southern 
Snake Range. Seismic data do not resolve the base of the 
unit, and a thickening of the TOV on the down-thrown side of 
the normal faults is not observed. Although volcanism was 
synchronous with an early generation of normal faults,
Hamlin basin had not yet begun to be formed.
6 6
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Figure 16. Subsurface extents of mid-Tertiary age 
volcanic rocks (Tov) and the earliest basin-filling 
sequence (TVFl) in the southern Snake and the Hamlin 
Valleys. See text for further discussion. For 
lithologic symbols and abbreviations see Figure 2.
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Late Cenozoic basin-filling sediments above TOV, 
consisting of alluvial, fluvial and lacustrine elastics are 
subdivided into three valley-fill sequences, from oldest to 
youngest: the Oldest Valley-fill (TVF1), the Intermediate 
Valley-fill (TVF2) and the Youngest Valley-fill (TVF3).
Lack of late Cenozoic igneous rocks in this area preclude 
assignments of any absolute age to the sequence boundaries 
(unconformities); contrary to the Sevier Desert Basin, 145 
km (90 miles) to north-east, in western Utah (von Tish and 
others, 1985, 1986). These sequence boundaries are assumed 
to have developed in response to interruptions in fault- 
slips which in turn is related to local and regional 
structural and tectonic events in the Province (Figure 17). 
Climatic fluctuations may also result in sequence boundaries 
by controlling amounts of sediment supply and lacustrine 
base-levels. The sequence boundaries in response to 
climatic fluctuations are regional in nature. In the Sevier 
Desert Basin, in a single geologic transect studies (COCORP 
Utah-1), two basin-fill sequences were recognized (von Tish 
and others, 1985), as opposed to three basin-fill sequences 
in the southern Snake and the Hamlin Valleys. On a local 
scale sequence boundaries may also be depositional, due to 
shifting of depocenters. In the present study area, ongoing 
crustal extension and basin-range faulting indicate the 
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Figure 17. Summary diagram inferring the relationship 
of the basin-fill sequences in southern Snake and Hamlin 
Valleys with regional tectonic events. The presence of 
sequence boundaries indicates variations in extension. The 
total magnitude of extension since the end of volcanism (26 
Ma) varies between 21% and 27% (Table 5). The variation of 
extension rate from one sequence to the other is semi- 
quantitative and is based on observed thicknesses of the 
sequences. See text for further discussion.
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sequence boundaries. The sequence boundary between TVF1 and 
TVF2 is synchronous with deformation in southern Snake Range 
dated as 17-18 Ma (Lee and others, 1970). The boundary 
between TVF2 and TVF3 is synchronous with the province-wide 
change in extension direction at 10 Ma.
The oldest basin-fill sequence underlies only the 
central part of the Hamlin basin (Figure 16), thickens to 
the west and onlaps Paleozoic basement formations (Permian 
Arcturus) to the immediate west of the Needle Point. The 
geometries of the sequences (Figure lOd) indicate that the 
present bounding fault has been active only since the 
deposition of the intermediate sequence and that the oldest 
sequence once extended to the west above the present 
Limestone Hills, but was later eroded during the uplift of 
the core complex. Erosional remnants of TVF1 are present 
along Murphy Wash south-western part of the southern Snake 
Range (Tco of Whitebread, 1969). In the Fletcher well, the 
top of the oldest sequence is the top of a 551 m thick 
anhydrite unit underlain by a succession alternating shale 
and limestone 728 m thick. The lithologic and the 
paleogeographic considerations indicate that the sequence 
was deposited in a lacustrine environment (Figure 18). The 
regional uplift of the Basin and Range Province (at least 1 
km) and of the Sierra Nevada (4 km) occurred in late 
Cenozoic (Stewart, 1978). The regional paleotopography 
during the deposition of the oldest basin-fill sequence seem
7 0
Figure 18. Generalized depositional model for a 
continental half-graben with interior drainage. Major 
environments are overlapping and coalescing alluvial 
fans in the margin and playa lake at the center. 1, 2, 
3, etc. indicate successive fan lobes. Shifting of 
depocenters results in the local seismic sequence 
boundaries, if within the resolution of the seismic 
data. The climate was more humid during the deposition 
of the oldest basin-fill sequence (26 to 17/18 Ma). See 
text for additional discussion. Redrawn after Leeder 
and Gawthorpe (1987).
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to indicate a humid climate, at least more humid than the 
present climate (Nummedal, personal communication, 1990).
The intermediate valley-fill sequence extends over the 
entire basin with onlap on the bottom boundary and toplap on 
the upper boundary. In Fletcher Federal no. 1, the sequence 
is 252 m thick. The Intermediate Valley-fill sequence 
corresponds to variably west-dipping, poorly sorted cobble 
conglomerates (Tc in Whitebread, 1969; Tc2 in McGrew, 1986) 
exposed along the Big Wash <15°-50°) and hills to the north 
of the Snake Creek (20-40°) (Whitebread, 1969; Drewes, 1958; 
McGrew, 1986). Drewes (1958) described an unconformity 
separating these conglomerates from essentially flat-lying 
elastics above; the unconformity correlates with the 
sequence boundary between TVF2 and TVF3, and the overlying 
flat-lying elastics corresponds to the youngest Valley-fill 
sequence (TVF3). A spectacular toplap of TVF2 is present at 
the northern end of the strike-line 21. The significance of 
this toplap will be discussed in the chapter on the core 
complex evolution. The youngest valley-fill sequence is 
concordant with the bottom boundary. In the well it is only 
427 m thick, and probably represents slow subsidence of the 
basin. Both the intermediate and the youngest sequences 




In the Snake Range metamorphic core complex (Misch,
1960; Nelson, 1966, 1969; Whitebread, 1969; Miller and 
others, 1987), located north and northwest of the Hamlin and 
the Snake Valleys, the Southern Snake Range Decollement 
(SSRD) separates a brittly faulted upper plate of middle 
Cambrian to Pennsylvanian strata from ductily stretched 
lower plate rocks of Precambrian to middle Cambrian age.
The Confusion Range Structural Trough (CRST) formed during 
late Mesozoic to early Cenozoic (Hose, 1977) time and 
involving Paleozoic age rocks, lies to the east of the 
valley where the trough plunges to the north. Subsurface 
structures (Figure 19) of the valley were delineated 
utilizing interpretation of reflection seismic and gravity 
data, correlation of subsurface structures with those 
exposed in the ranges, and palinspastic reconstruction of 
cross-sections derived from seismic data.
The dominant structural elements of the basin are north- 
south striking, east-dipping, planar normal faults forming 
half-grabens. The basin evolved through interactions of 
generations of normal faults, and temporal and spatial 
superposition of half-grabens as architectural units 
(Rosendahl, 1987) . High relief accommodation zones 
(Rosendahl, 1987) are characterized by basement highs and 
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Figure 19. Structure map of the southern Snake and the Hamlin Valleys; also shows 
subsurface extent of Southern Snake Range Dccollcment reflection in the seismic data, and 
unconformity due to latc-stage uplift in the northern part of the southern Snake Valley. Sec text for 
further discussion. For abbreviations and lithologic symbols see Figure 2.
basins (Figure 20). Within the half-grabens seismic 
reflectors diverge and sediment packages thicken towards 
bounding normal faults, indicating continuous (within the 
resolution of the seismic data) fault-slip and synchronous 
sedimentation. Sequence boundary (unconformity) reflect 
changes in basin-filling parameters of sediment supply and 
subsidence; the late Cenozoic history of active crustal 
extension indicate that these changes were related to 
regional tectonic events. Each sequence boundary is 
inferred to be related to a change in fault-slip vector 
and/or a new generation of normal faults. The conspicuous 
structures of the basin are the latest generation of normal 
faults and the half-grabens. Earlier generations of faults 
were rotated as a result of movements on later generation 
faults and are difficult to resolve in the seismic sections. 
However, the divergent internal reflection configurations 
predict the approximate location of the bounding faults.
A northern and a southern basin, corresponding to the 
southern Snake and the Hamlin Valleys, are recognizable in 
the structure map (Figure 19) separated by a high relief 
accommodation zone. This high relief accommodation zone is 
similar to the zone of tear-faulting on the northern 
boundary of the Sacramento Pass Basin (Grier, 1984) between 
the northern and the southern Snake Ranges. The southern 
Snake Valley is relatively younger and accumulated a thinner 
basin-fill sequence in two small half-grabens. A basement
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Figure 20. Schematic diagram illustrating strike-slip 
accommodation zone separating half-grabens, developed 
in response to variable amount of displacements along 
graben-bounding normal faults, similar to the east-west 
trending accommodation zone separating the southern 
Snake from the Hamlin Valleys (see Figure 19). After 
Rosendahl (1987).
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high of Paleozoic age formations, north of the Big Wash 
separates the southern from the northern Snake Basins. In 
contrast, the Hamlin Valley is older, having accumulated a 
thicker basin-fill, and comprises a major half-graben with 
bounding normal faults to the west. The Hamlin Basin is 
separated from the basin to the south by another basement 
high. The youngest bounding fault is also a range-front 
fault to the east of the Limestone Hills. A west-dipping, 
listric normal fault and associated roll-over anticline 
involved valley-fill sequences TVF1 and TVF2.
Snake Range Decollement Reflection
Seismic data, lines 20 (Figure 11} and 21 (Figure 21; 
also see Figure 19), show a horizon separating a well- 
layered "lower-plate" of reflectors dipping away from the 
core complex from a transparent "upper plate", as a possible 
subsurface extension of the southern Snake Range decollement 
(SSRD) to only 1.2 seconds two-way travel time, 7 km east of 
its surface exposure (Alam and Pilger, 1987), in agreement 
with outcrop studies (Coney, 1974; Kolb, 1981; McGrew, 1986) 
implying definite continuation of SSRD beneath the southern 
Snake and Hamlin Valleys. A similar reflection character 
for the extension of the northern Snake Range Decollement 
(NSRD) beneath the Spring Valley along the western flank of 
the northern Snake Range was observed by Gans and others 
























Figure 21a. Seismic line 21 (northern part): uninterpreted, unmigrated and 





Figure 21b. Seismic line 21 (northern part): interpreted and migrated stack 
section showing unconformity due to late-stage uplift in the south-eastern part of the 




the normal fault system (Alam and Pilger, 1989) in the 
basins flanking the core complex.
In the eastern part of the valley, north of Needle 
Point, east-dipping normal faults in the subsurface align 
with the anticlines exposed in the Burbank Hills to the 
north. Anderson (1983) proposed detachment faults at 
several stratigraphic horizons within the Paleozoic sequence 
in the Confusion Range Structural Trough. These systems of 
anticlines cored by subsurface normal faults above 
detachment fault-planes are typical of "fault-propagated 
folds" in an extensional regime (Suppe and Medwedeff, 1984).
Structures within Paleozoic rocks beneath Hamlin valley 
are undefined due to lack of coherent reflections from that 
interval. Outcrop studies report gentle, late Mesozoic age 
folds (Gans and Miller, 1983) dissected and tilted by 
Cenozoic normal faults. A dipmeter log from the Commodore 
Resources well indicates a southwestward dip of 15° to 20° 
for Mississippian (Chainman, 1646 m) through Permian 
(Arcturus, 158 m) strata. Presumably, these attitudes 
include westward tilts due to displacements along east- 
dipping faults associated with formation of southern Snake 
Valley.
Onset of Crustal Extension
Subsurface data of the Hamlin and southern Snake valleys 
are of poor resolution in documenting the earlier stages of
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Cenozoic extension. Grier (1984) reported that extension in 
Sacramento Pass post-dates 35 Ma and by 32 Ma uplift had 
created at least 8-9 km of structural relief. However, 
Wernicke and Bartley (1985) inferred an earlier generation 
of normal faults in the northern Snake Range of unknown age 
prior to the recorded extension in the Sacramento Pass.
Gans and Miller (1983) inferred that extension began 35.8 
Ma, based on the relationship of volcanic rocks and normal 
faults in the northern Egan Range.
Magnitude of Upper Crustal Extension
Geometric restorations of a geologic section indicate 
the magnitude of deformation recorded in the section. Upper 
crust extends brittly and accommodates most of the extension 
along deeply-biting normal faults penetrating brittle, 
seismogenic upper crust, separated by relatively undeformed 
crustal blocks. The geometric restorations of the normal 
faults along the transport direction indicate a lower limit 
of the upper crustal extension. Because of the 
heterogeneity of upper crustal extension, the calculated 
extension is dependent upon the position of normal faults in 
the geologic transect,
Seismic profiles 20 (Figure 11), 07 (Figure 13), 08 
(Figure 10) and 09 (Figure 14) closely parallel the regional 
extension direction and were analyzed, in this study, for 
characterization of the upper crustal extension (see
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Geometric Restorations in c h a p t e r  f o u r ) . Seismic profile 06 
(Figure 12) is crooked, also oblique to the regional 
transport direction, and can only be utilized for extension 
calculation after projecting into a straight profile 
parallel to the extension direction. However, in a complex 
geologic setting projections are not dependable and may 
generate erroneous results in extension calculations.
The extensions from the eastern flanks of the Limestone 
Hills and the Snake Range to the western flank of the 
Needles Range and the Burbank Hills is between 21 - 27% 
since the inception of volcanism at 34 Ma, based on 
geometric restorations (Table 5). Previous studies (for 
example, Gans and Miller, 1983) reported that most of the 
Cenozoic extension occurred during mid-Cenozoic volcanism.
The extension calculated utilizing palinspastic restorations 
is the minimum of the total Cenozoic extension.
TABLE 5
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MAGNITUDE OF UPPER CRUSTAL EXTENSION ALONG SEISMIC PROFILES 
SINCE THE BEGINNING OF VOLCANISM IN THE HAMLIN AND THE 










20 14 Volcanic rocks and the oldest 
Valley Fill sequence are absent 
along this profile. This extension 
is probably since the beginning of 
the Intermediate Valley Fill 
sequence (17.5 Ma).
Gans and Miller (1983) estimated 450 to 500 percent 
extension for the upper plate of the northern Snake Range 
based on geometric restoration, comparison of deformed and 
undeformed thicknesses, and by bedding to fault angle,
Boyer (1987) cautioned that the calculation of very large 
extensions (>50%) may be due to the misinterpretation of 
large gravity slides as low-angle listric normal faults. He 
reported extensions of 20-25% for the geologic sections 
based on reflection seismic data for Tertiary basins 
(Diamond, Newark, Long, Steptoe, and Spring) to the north­
west of the present study area, in agreement with this 
study.
CHAPTER SIX
CORE COMPLEX EVOLUTION 
Introduction
A metamorphic core complex (Crittenden and others, 1980) 
is defined as an isolated domal uplift of anomalously 
deformed metamorphic and plutonic rocks overlain by a 
tectonically detached and distended unmetamorphosed cover 
(Bates and Jackson, 1987). These terranes are "scattered in 
sinuous string along the axis of the eastern two-thirds of 
the North American Cordillera" (Coney, 1980). Similar 
metamorphic core complexes have been described from other 
regions of continental crustal extension (Lister and others, 
1984; Sturchio and others, 1983; Oilier and Pain, 1980; 
Tulloch and Kimbrough, 1989).
Geologic and geometric relationships of a core complex 
to surrounding regions provide critical insight for its 
evolution. Of paramount importance is the delineation and 
characterization of the subsurface extension of the 
decollement outward from the core complex and establish its 
relationship with other regional tectonic elements. This
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study investigated the transition from the highly deformed 
area at the center to the relatively undeformed area to the 
south and south-east.
Snake Range Core Complex
In the Snake Range metamorphic core complex a detachment 
(decollement1) fault (SRD) (Miller and others, 1987) 
separates uplifted (7-10 km) Lower Cambrian to Precambrian 
clastic sediments and Mesozoic and Tertiary age plutonic 
rocks (Table 1) from a brittly faulted upper plate 
consisting of formations age ranging from Middle Cambrian to 
Permian and Tertiary The decollement in the northern Snake 
Range (NSR) is known as Northern Snake Range Decollement 
(NSRD) while in the southern Snake Range (SSR) it is 
Southern Snake Range Decollement (SSRD). Precambrian and 
Cambrian rocks are disposed in a broad plunging antiform 
with apex close to the Wheeler Peak (Miller and others,
1988). SSRD (Whitebread, 1969; Kolb, 1983; Miller and 
others, 1988) presently dips 10-15° to the east (McGrew, 
1986). All the researchers agreed that the transport
^ost of the recent literature including the "Glossary of Geology" 
(Bates and Jack3on, 1987) use the terms "detachment" and "decollement" 
interchangeably; however, Ramsay and Huber (1987, p.518, their figure 
23.24) indicate that the term "decollement" is generally related to 
special stratal control of the fault plane in an incompetent horizon, 
in contrast a "detachment" is not exactly parallel to any one 
incompetent horizon, even though the fault surface is controlled by 
the competencies and the overall orientation of the boundaries between 
the differing rock units. In this report the prominent, subhorizontal 
fault in the Snake Range is depicted as "decollement" because of the 
widespread and the deep-rooted usage in literature since it was first 
recognized and was described as a thrust fault (Hazzard and others, 
1953) .
direction of the upper plate was towards the east.
Estimates of the amount of displacement on SRD varies from a 
few kilometers to as much as 60 km. NSRD is displaced by 
east-dipping normal faults rendering it to be presently 
inactive in the western flank of the NSR (Gans and others, 
1985) .
Geologic Interpretation
The geologic interpretation of the Snake Range 
Metamorphic Core Complex has evolved as new data have become 
available, and with the improved understanding of the 
continental crustal deformational processes. Early studies 
(Hazzard and others, 1953; Drewes, 1958; Misch, 1960;
Nelson, 1966, 1969) based mainly on field observations, and 
regional correlation of structure and stratigraphy 
interpreted the decollement as a Mesozoic age thrust fault. 
Lee and others (1970) reported displacement along the 
decollement about 17-18 Ma, from modification of Potassium- 
Argon ages. Mapping by Whitebread (1969) of SSR 
demonstrated the displacement of a 30.5 Ma (29.7 Ma, 
Armstrong, 1970; corrected for the new decay constant after 
Dalrymple, 197 9) volcanic outcrop with a normal fault that 
merges with the SSRD (as basal decollement) leading 
Armstrong (1972) to propose the decollement as a mid- 
Cenozoic age normal fault or at least, that the most recent 
movement was in the Cenozoic. Hose and Danes (1973) and 
Hintze (1978) recognized the extensional origin of the
decollement but interpreted the extension as behind a 
gravity-driven Mesozoic Sevier thrust belt exposed to the 
east in Utah. Recent studies (Bartley and Wernicke, 1984; 
Gans and Miller, 1983; Gans and others, 1985; Miller and 
others, 1983; Miller and others, 1988; Wernicke, 1981, 1985; 
Gaudemer and Tapponnier, 1987) utilizing industry and 
crustal scale reflection seismic data and based on the 
improved understanding of thermal and mechanical properties 
of the continental crust in response to the deformational 
forces, accepted the regional crustal extension as the 
dominant mechanism for the core complex evolution and that 
the detachment fault accommodated the extension. However, 
the debate has been whether the decollement represents an 
ancient brittle-ductile transition zone ("pure" shear 
extension), a crust-penetrating low-angle normal fault 
("simple" shear extension), or some combination of the both 
(Figure 1).
Subsurface Observations
Any geological interpretation of the core complex and 
the decollement must consider the outcrop observations 
described in the preceding paragraphs and the following 
subsurface observations:
1. Eastward dipping reflection in COCORP Utah-1 profile 
east of the northern Snake Range that projects to the 
the outcrop location of NSRD and as such interpreted 
as NSRD (Allmendinger, 1983).
2. Poor imaging of NSRD in COCORP Nevada-5 (Hauser and 
others, 1987), Spring (Gans and others, 1985) and 
Snake Valleys (McCarthy, 1986) Sohio seismic line.
3. Gravity modeling in the Snake Valley (east of the 
northern Snake Range) suggested the presence of a 
down to the east range front fault with about 1.5 km 
or more offset, displacing the NSRD (Miller and 
others, 1983).
The present study at the south and south-east margin of 
the SSR make the following observations related to the 
evolution of the core complex:
1. Southern Snake Valley is underlain by closely spaced 
normal faults whereas Hamlin Valley, to its south, is 
underlain by a deeply-biting normal fault. An accommodation 
zone characterized by a Paleozoic basement high and 
sinistral tear faults separates these two basins. The 
Tertiary basin-fill sequences of the southern Snake Valley 
thin and converge towards this basement high indicating it 
was a topographic high during basin filling.
2. Reflections from the decollement are discernable in 
two of the seismic lines 20 (Figure 11) and 21 (Figure 21) 
in the subsurface of the southern Snake Valley to about 7.2 
km southeast from the outcrop, to 1.2 seconds two-way travel 
time.
3. The northern extreme of the southern Snake Valley is 
underlain by a shallow (~ 700 ft below ground level) 
erosional unconformity, separating sequences TVF2 and TVF3, 
represented as toplap in the seismic sections above the 
decollement reflections. This spatial coincidence probably 
indicates the more gently dipping upper segment of SSRD, 
allowing imaging in the short-offset seismic profiles. A 
similar unconformity was reported from outcrop observations 
between two units of late Tertiary conglomerates in the 
south-eastern corner of the SSR. However, no other seismic 
profiles in the vicinity of the Snake Range report a similar 
unconformity. Mid-Cenozoic volcanic rocks (Tov) do not 
extend this far to the north and can not be used to date the 
unconformity. The relatively shallow depth and its 
occurrence in the upper part of the late Cenozoic basin-fill 
stratigraphy suggest an age of 6-7 Ma. This unconformity 
indicates a late-stage local uplift in the southeast corner 
of the core complex.
4. Reflections from within the Paleozoic basement rocks 
show gradual steepening towards the core complex; 
paleogeographic considerations suggests apparent dip to the 
north. This dip reversal was presumably due to the uplift 
of the core complex.
Core complex uplift:
Characterization of the uplift
The large uplift of a core complex relative to the 
adjacent ranges is enigmatic but must be an integral part of 
any geological model. In the Snake Ranges the amount of 
uplift since mid-Cenozoic extension began is estimated as 
7-10 km based on the metamorphic and stratigraphic depths 
(Gans and Miller, 1985). Topographic relief of the Snake 
Range is about 2280 meters {7 500 feet) above the valley 
floors. The temporal variability of the uplift is yet to be 
determined.
Mechanisms for uplift
Core complex evolutionary models (Wernicke, 1985;
Bartley and Wernicke, 1984; Lister and Davis, 1989) propose 
a causal relationship between detachment faulting, tectonic 
denudation, and core complex uplift. Isostatic uplift of 
the lower plate in response to tectonic denudation due to 
large displacement on a low-angle normal fault may evolve 
into a core complex (Spencer, 1984) . However, even with 
local isostatic compensation, core complexes can not be 
uplifted above the elevation of adjacent unextended areas 
unless the crust initially had a root (Holt and others,
1986; Mudford, 1988; Issler and others, 1989). The total
thickness of the overthickened crust with the root is 1.5 to 
2.0 times the normal crustal thickness
The recognition of a Late Cenozoic unconformity at the 
south-east corner of the southern Snake Range accentuates 
the importance of late-stage, local uplifts in the growth of 
the core complex. Lack of adequate subsurface data and 
meager outcrops of Late Cenozoic stratigraphy inhibit the 
recognition of similar uplifts within and around the core 
complex. Similar late-stage uplifts have been recognized 
and modeled as flexural isostatic response of overthickened 
crust for the mid-Cretaceous Sabine Uplift of Louisiana- 
Texas {Nunn, 1990), Sierra Nevada of California (Chase and 
Wallace, 1986, 1988), Santa Catalina-Rincon mountains of 
Arizona {Holt and others, 1986). Nunn (1990) cited a mid- 
Cretaceous regional unconformity, recognizable in reflection 
seismic sections as the evidence for the uplift. Similar 
late-stage processes might have led to the uplift recognized 
as a Late Cretaceous unconformity (Monroe Uplift) in north­
east Louisiana (Alam and Pilger, 1988).
The flexural isostatic model (Holt and others, 1986) 
requires an initially overthickened crust (root). Broad, 
low relief uplift develops over the crustal root in response 
to tectonic denudation exposing the lower plate along the 
detachment fault. Late-stage, more local, isostatic uplifts 
evolve due to one or a combination of a variety of 
mechanisms, for example, a later generation of faulting.
In all the three cases mentioned, present crustal roots 
beneath the uplifts were delineated by geophysical methods. 
No crustal root apparently exists presently beneath the core 
complex, as indicated by a flat Moho beneath the Snake Range 
and the adjoining areas (Klemperer, 1986; Prodehl, 1979). 
However, Coney and Harms (1984) calculated a Late Cretaceous 
(Sevier orogeny) overthickened crust of approximately 55 km 
in this area (present thickness is approximately 30 km).
The present flat Moho in the Basin and Range Province is, 
therefore, relatively recent and has dynamically evolved 
with Cenozoic crustal extension (Klemperer, 1986); the 
previously overthickened crust was assimilated within the 
extending crust. The presence of a preextensional, Mesozoic 
age, gentle antiformal structure at the location of the 
present Snake Range (Gans and Miller, 1983) probably is a 
manifestation of a crustal root.
Tectonic denudation exposed mid-crustal rocks along the 
Snake Range Decollement, with a broad, regional, low- 
amplitude uplift, with a wavelength of tens of kilometers. 
This initial bend of elastic crust was in response to the 
regional crustal extension. Late-stage, more local uplift 
with wavelengths of a few kilometers have been operative 
since then, superposing on the broad, regional uplift 
generating most of the present-day observed uplift. The 
important point is that these late-stage processes may not 
need a crustal root as the driving force. Large amplitude,
rapid rise and short wavelength of present uplift in the 
southern Snake Range core complex require that most of the 
uplift was the result of late-stage, local uplift processes. 
The possible late-stage local uplift processes are:
1. A new generation of normal faulting with some of the 
large faults cutting through the already bent entire elastic 
plate, allow a rapid uplift (Figure 22). In the Snake Range 
area these faults are Hamlin Valley Fault (HVF), Schell 
Creek Fault (SCF) and Snake Valley Fault (SVF) (Miller and 
others, 1983). The presence of HVF and SVF close to the 
northern Snake Range allowed more uplift in the northern 
than in the southern Snake Range. The east-dipping 
reflection dipping away from the Snake Range recognized in 
COCORP data and interpreted as the Snake Range Decollement 
(Allmendinger and others, 1983) may also be interpreted as a 
late-stage range front normal fault that passes along the 
decollement (Hauser and others, 1987) or may even be 
displacing it. The Province-wide coincidence of the high- 
angle normal faulting and the basin-range structure (Zoback 
and others, 1981) emphasize the common occurrence of local 
isostatic uplifts of previously extended, flexed crust, by 
release of the potential energy (bending moment). The 
imbricate normal faulting also has the effect of reducing 
the flexural strength facilitating the local Airy isostasy.
2. The differential deformation of various components 
of a heterogeneous crust in response to a bending stress can
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Figure 22. Schematic model showing late-stage 
uplift due to normal faulting of a previously 
flexed elastic plate: (a) flexed elastic plate with
incipient, deeply-biting, planar normal fault, (b) 
uplift due to normal faults
cause local uplifts. The major crustal components in the 
Snake Range are Mesozoic and Cenozoic plutons, Paleozoic age 
carbonates and Precambrian crystalline rocks. The buoyancy 
force of the relatively less dense plutons (2.67 gm/cc) at a 
vertical contact with carbonates (2.70 gm/cc) might have 
been accentuated due to the bending stress resulting from 
the regional uplift and other late-stage local uplifts.
3, Uplift in the form of reverse drag (Hamblin, 1965) 
above an underlying, younger normal fault (Bartley and 
Wernicke, 1984). However, this can not be a common 
mechanism for uplift. The presence of an underlying 
detachment for each of the core complex is difficult to 
ascertain.
4. Diapiric uplift of pluton-cored dome at mid-crustal 
level (Lister and Davis, 1989). The lack of Late Cenozoic 
volcanic rocks (the youngest is 29.7 Ma) in the Snake Range 
area preclude the possibility of Late Cenozoic igneous 
intrusion in the mid-crust.
Evolutionary Model
Figures 23 and 24 describes a model for the evolution of 
the core complex after Lister and Davis (1989) combining 
seismological observations of deeply-biting steep normal 
faults with the detachment faults observed in the outcrops 
and in the reflection seismic sections. The model proposes 
a simple shear extension in the upper while a pure shear
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Figure 23. Location of evolutionary block 
diagrams, Figure 24a-e, for the Snake Range 
Metamorphic Core Complex and the vicinity. For 
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Figure 24e. Block diagram showing the present-day geology. For location of this
diagram see Figure 23.
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extension in the lower crust. Pre-existing crustal fabric, 
such as, crustal thickening (welt), or, thrust faults or 
profound local extension may localize the development of the 
core complex.
Pre-extension
The pre-extensional (early Oligocene) paleogeography of 
the Snake Range, constructed based on the character of the 
Tertiary unconformity (Gans and Miller, 1983; Armstrong, 
1968, 1972) implied a very gentle, north-trending anticlinal 
fold at the location of the present Snake Range, the 
Confusion Range Synclinorium to the east, and Pennsylvanian- 
Permian formations cropping out in the surface. Two thrust 
plates have been inferred based on the exposure of two major 
thrust faults to the east and southeast, COCORP seismic data 
in western Utah integrated with Cominco American Well 
encountering a thrust fault in the subsurface on the eastern 
flank of the Cricket Mountain (Allmendinger and others,
1983; Bartley and Wernicke, 1984; Presnell, 1983; Sharp, 
1984; Frank Royse, personal communication, November, 1989).
A crustal root (welt) of approximately 25 km is inferred at 
the base of the crust (Coney and Harms, 1984).
Onset of extension
Seismological observations (Eyidogan and Jackson, 1982; 
Jackson, 1987) indicate that modern actively extending 
terranes are characterized by steep (30°-60°) arrays of
deeply-biting planar normal faults. These faults may cut 
down as deep as 15-16 km below the normal brittle-ductile 
transition in a large magnitude (Ms greater than 5.5 
earthquake) {Jackson, 1987). The segments of the normal 
faults extend to the ductile region with substantially 
gentler dips. These low-angle surfaces may be the 
precursors of detachment faults now exposed in the surface 
{Jackson, 1987). Lister and Davis (1989) envisioned that 
periodic seismic events would develop a shallow-dipping 
ductile shear zone at the fault terminations which would 
allow relaxation of deviatoric stresses.
In the Basin and Range Province the deeply-biting, 
planar, normal faults are spaced at about 30-40 km. Three 
such faults, all dipping to the east, characterizing the 
onset of extension or a new stage of extension are present 
in and near the study area. The Schell Creek Fault (SCF) is 
a range-front fault at the surface separating the Schell 
Creek Range to the west from the Spring Valley to the east. 
The SCF extends parallel to the northern Snake Range, and 
dies out to the south, west of the southern Snake Range 
(Stewart and Carlson, 1978) . SCF was imaged both in COCORP 
(Hauser and others, 1987) and in shallow industry (Gans and 
others, 1985; McCarthy, 1986) reflection seismic data. A 
total offset of 10-12 km has been estimated along the Sohio 
seismic profile (Gans and others, 1985). Hauser and others 
(1987) interpreted SCF to extend from the surface to the
base of the crust. The Limestone Hills Fault (LHF) is 
located to the south of the southern Snake Range and occur 
as a range-front fault separating the Limestone Hills to the 
west from the Hamlin Valley to the east. The seismic data 
utilized in this study image LHF to a depth of approximately 
4 km (Alam and Pilger, 1990) with offset of 4 km or more 
(Figure lOd). The Snake Valley Fault (SVF), defined by 
gravity data is a range front fault east of northern Snake 
Range dipping to the east with about 1.5 km or more offset 
(Miller and others, 1983). The correlation of the core 
complex development with the amount of extension indicated 
that extension initiated to the north of the study area 
(Figure 24b).
Development of low-angle normal faults
With continued extension it becomes increasingly 
difficult to rotate the large fault blocks and low-angle 
normal faults develop and splay upwards from the shear zone 
(Figure 23c).
Uplift of the lower plate and the development 
of the core complex
As extension continues, the upper plate is thinned and 
in extreme cases is removed by normal faulting (Figure 24d). 
The footwall bows upwards due to this tectonic denudation 
(Spencer, 1984) with the crustal root acting as a driving 
force as discussed earlier. Extension propagates to the
south into the Hamlin Valley. This spatial, along strike, 
variation of the Cenozoic extensional deformation in the 
core complex is comparable with the temporal evolution.
Along the strike variations of the regional extension is 
accommodated along diffuse zones of strike-slip faulting, 
between the southern Snake and the Hamlin Valleys, along 
Sacramento pass (Grier, 1984) between the northern and the 
southern Snake Ranges. This along-the-strike variation of 
crustal extension (lesser magnitude to the south) has 
deformed the parallelism of the Mesozoic-age Confusion Range 
and Butte Mountain Synclinoria into an angular relationship 
to the south (Gans and Miller, 1983; their Figure 4).
CHAPTER SEVEN
CONCLUSIONS
1. Hamlin and southern Snake Valleys evolved in 
response to Cenozoic regional crustal extension synchronous 
with the relative uplift of the Snake Range metamorphic core 
complex and normal displacement along the southern Snake 
Range decollement.
2. The dominant structures of the basins are north- 
south striking, east-dipping, high-angle, planar normal 
faults forming half-grabens.
3. Crustal extension in the basins occurred in four 
distinct stages synchronous with (i) volcanism (34 to 26 
Ma), (ii) deposition of the oldest basin-fill sequence (26 
to 17-18 Ma), (iii) deposition of the intermediate basin- 
fill sequence (17-18 to 10 Ma), and, (iv) deposition of the 
youngest basin-fill sequence (10 Ma to present).
4. The Hamlin and the southern Snake basins are 
separated by an east-west striking accommodation zone along 
the southern margin of the southern Snake Range 
characterized by Paleozoic age basement high and sinistral
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strike-slip faulting, formed in response to along the strike 
variation of the crustal extension.
5. Southern Snake Range Decollement reflections are 
recognizable in the seismic sections to 7 km south-east of 
the outcrop; are inferred to extend in the subsurface of the 
southern Snake Valley; and merge with the strike-slip faults 
in the accommodation zone in the subsurface.
6. A Late Cenozoic late-stage uplift is recognized at 
the south-east front of the Snake Range Metamorphic Core 
Complex from the surface and the subsurface data.
7. The geologic evolution of the Snake Range 
Metamorphic Core Complex involve (a) pre-extensional crustal 
welt, (b)low-amplitude, long wavelength (tens of 
kilometers), flexural uplift due to tectonic denudation in 
response to regional crustal extension, (c) late stage, 
short wavelength (few kilometers), local uplifts due to 
normal faulting which cut across an already bent elastic 
plate and due to differential deformation of different 
lithologic units of a heterogeneous crust in response to the 
bending stress.
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SEISMIC LINE-LENGTHS IN THE HAMLIN VALLEY
Serial number Line number Description Lencrth (KM)
1 06 Dip-line 20.84
2 07 Dip-line 27 .43
3 08 Dip-line 23.04
4 09 Dip-line 18 .41
5 20 Dip-line 16.28
6 21 Strike-line 40.11
7 22 Strike-line 32.43




SEISMIC PROCESSING SEQUENCE (CGG-DATA 





Band Pass Filter 7/14-50/70 hz
Trace Equalization









0 .0-0.9 9/18-40/55 hz
1.3-2.0 9/18-35/50 hz









FLETCHER UNION FEDERAL NO. 1 WELL RESUME
Well Name Union Federal No. 1
Operator C. H. Fletcher Exploration Inc.
Location NENESW Section 30-T8N-R70E 
{714 m [2343 ft] FSL,
738 m [2422 ft] FWL) 
Lincoln Countv, Nevada
API Number 2701705206
Elevations Ground 1750 m {5740 ft),
Kellv Bushing 1754 m (5753 ft)
Spud Date December 6, 1985
Completion Date January 8, 1986
Total Depth Driller: 2280 m (7481 ft) 




Electric Logs Dual Induction Focused Log, Gamma 
Ray, Spontaneous Potential, Bore 
Hole Compensated Acoustilog (BHC) 
from: 121 m (396 ft) to 2277 m 
(7469 ft).
Drill Stem Tests None
Cores None
TABLE A4
FLETCHER UNION FEDERAL NO. 1 ELECTRIC LOG TOPS
Major Llthology Depth_______________Subsea
Conglomerates Surface 1750 m { 5740 ft)
Sandstone 574 m (1884 ft) 1179 m ( 3869 ft)
Anhydrite 683 m (2240 ft) 1071 m ( 3513 ft)
Claystone & 
Limestone
1234 m (4050 ft) 519 m ( 1703 ft)
Conglomerate 1486 m (4875 ft) 268 m ( 878 ft)
Volcanics? 1789 m (5870 ft) - 36 m (- 117 ft)
Claystone & 
Limestone
1806 m (5924 ft) - 52 m {- 171 ft)
volcanics 1962 m (6436 ft) - 208 m (- 683 ft)
Total Depth in 
Volcanics
2281 m (7481 ft) - 527 m (- 1728 ft)
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TABLE A5
COMMODORE RESOURCES WELL RESUME
Well Name Outlaw # 1 Federal
Operator Commodore Resources Corporation
Location Section 1 TWP 10 N RGE 70 E 
White Pine Countv, Nevada
API Number 2703305245
Elevations Ground 1659 m (5444 ft);
Kellv Bushincr 1665 m (5462 ft)
Spud Date June 17, 1982
Completion Date September 18, 1982
Total Depth Driller 3962 m (13000 ft); 




Electric Logs Bore Hole Compensated Sonic, 
Dipmeter, Resistivity
Drill Stem Tests None
Cores None
TABLE A6
COMMODORE RESOURCES FORMATION TOPS
FORMATION SAMPLE TOP SUBSEA
Valiev Fill Surface 1659 m (5444 ft)
Arcturus 3 m (11 ft) 1656 m (5433 ft)
Ely 382 m (1254 ft) 1283 m (4209 ft
Chainman 741 m (2430 ft) 924 m (3033 ft)
Joanna - -
Pilot - -
Guilmette 1929 m (6330 ft) -264 m (-867 ft)
Simonson 2454 m (8052 ft) -789 m (-2589 ft)
Sew 2618 m (8590 ft) -953 m (-3127 ft)
Laketown 3039 m (9970 ft) -1374 m (-4507 ft)
Fish Haven - -
Eureka 3548 m (11642 ft) -1883 m (-6179 ft)
Pogonip Group 3681 m (12078 ft) -2016 m (-6615 ft)
Total Depth in 
Pogonip
3962 m (13000 ft) -2297 m (-7537 ft)
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TABLE A7A
AERIAL MAPPING PHOTOGRAPH OBTAINED FROM EROS DATA CENTER, 
SIOUX FALLS, SOUTH DAKOTA 57198
Scene Identification B0PPDB0010080
Frame 89
Film-Source B & W - 09.0"
Exposure Date 06/28/1974
Scene-Scale 1:137,608
Geologic Features Southern Part of the southern Snake 
Range
TABLE A7B
AERIAL MAPPING PHOTOGRAPH OBTAINED FROM EROS DATA CENTER, 
SIOUX FALLS, SOUTH DAKOTA 57198
Scene Identification BOPPDBOO10080
Frame 88
Film-Source B & W - 09.0"
Exposure Date 06/28/1974
Scene-Scale 1:137,608
Geologic Features Southern Snake Range, Southern Snake 
Valley, Eastern part of the Mountain 
Home Range
TABLE A7C
AERIAL MAPPING PHOTOGRAPH OBTAINED FROM EROS DATA CENTER, 
SIOUX FALLS, SOUTH DAKOTA 57198
Scene Identification B037V0170033
Frame 35
Film-Source B & W - 09.0"
Exposure Date 09/06/1968
Scene-Scale 1:142,466
Geologic Features The Limestone Hills and the Hamlin 
Valiev
VITA
Shah Alam was born only a few miles north of the typhoon 
infested coast of Bangladesh. After receiving a Bachelor of 
Science degree (Honours) from the University of Dhaka he 
felt the attractions of apple pie, hamburger, coca-cola and 
uncle Sam tantalizing; courtesy of the Reader's Digest, the 
Times, the Newsweek, Voice of America, US television 
programs and western cowboy movies. After receiving a 
Master of Science degree from Louisiana State University he 
continued for a PhD.
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